ABSTRACT: We measured the movement and orientation of sea urchins at 2 sites in each of 4 habitats on urchin barrens in the northern Gulf of St. Lawrence, eastern Canada. We tagged the urchins measuring 25 to 70 mm in test diameter using a non-invasive technique involving a knot of fine monofilament thread tied around one spine. Smaller urchins (< 25 mm) were tagged by tightening a loop around the test. Daily displacement increased markedly going from large juveniles (measuring 10-15 mm in diameter) to small adults (15-20 mm) and from small adults to large adults (> 25-70 mm); however, no effect of size was detectable among large adults measuring from 25 to 70 mm. The increased movement with size was associated with a change in foraging, as gut analysis revealed a marked increase in the proportion of brown algae with increasing size. For large adults, the maximum net distance displaced per day varied among sites from 1.0 to 4.9 m d . Distance moved also varied with habitat, and was greater in habitats that were further from kelp beds. Orientation was random and individuals showed frequent reverses in direction from day to day. Hunger state did not affect displacement, as there was no difference in distance moved between starved and fed urchins which were released in the barrens. However, urchins transplanted from kelp beds to the barrens were less active than urchins removed from and returned to the barrens. The shifts in movement with size are probably important in determining the size structure of urchins at different depths. The great distance covered by larger urchins as they move over open surfaces in search of favourable resources probably leads to their increased numbers in shallow habitats where food is abundant.
INTRODUCTION
Movement patterns can affect spatial distribution of individuals and thus potentially influence population dynamics (Tilman & Kareiva 1997 , Turchin 1998 . For example, the abundance of herbivores is influenced by distribution of food resources that likely determine the intensity of grazing and ultimately community structure (Lubchenco & Gaines 1981 , Menge 1995 . Therefore, quantifying the movement of individuals can provide insights into patterns of distribution and abundance.
Studies in different geographical areas demonstrate spatial and temporal variation in the abundance and distribution of urchin populations (Chapman 1981 , Harrold & Reed 1985 , Andrew 1993 , Konar & Estes 2003 . In shallow subtidal habitats, urchins often form destructive grazing fronts at the lower edge of kelp beds, and such aggregations can advance through the kelp beds at a rate of 2 to 4 m mo -1 (Bernstein et al. 1983 , Gagnon et al. 2004 . Destructive grazing leads to the formation of extensive 'urchin barrens' with encrusting coralline algae and isolated patches of less preferred macroalgae which can persist for years to decades (Chapman 1981 , Johnson & Mann 1982 . A number of studies show that the boundary between the kelp zone and barrens is determined by physical and biological factors affecting the abundance and foraging behaviour of sea urchins (Bernstein et al. 1983 , Keats 1991 , Konar & Estes 2003 , Gagnon et al. 2004 ). However, less is known about the behaviour of urchins in the barrens zone, even though processes in the barrens will likely contribute to the intensity of urchin grazing at the kelp-barrens boundary. Sea urchins display a wide range of behaviours including chemodetection of food sources (Mann et al. 1984 , see Sloan & Campbell 1982 for review), aggregation (Garnick 1978 , Hagen & Mann 1994 , Rodriguez & Farina 2001 , agonistic behaviour (Grünbaum et al. 1978 , Tusuchiya & Nishihira 1985 , Shulman 1990 , predator avoidance (Jensen 1966 , Bernstein et al. 1981 , Scheibling & Hamm 1991 , Hagen & Mann 1992 , Hagen et al. 2002 , homing (Carpenter 1984 , Tuya et al. 2004 , and diel (Nelson & Vance 1979 , Tertschnig 1989 , Jones & Andrew 1990 , Rogers et al. 1998 , Freeman 2003 and seasonal activity rhythms (Agatsuma et al. 2000 , Konar 2001 . Predation can limit the foraging activity of urchins, for example urchins that feed only at night to avoid visual predators (mainly fish) and return to refuges during the day (Carpenter 1984 , Jones & Andrew 1990 ). Also, the movement of urchins can be affected by environmental factors such as current velocity and wave action (Lissner 1980 , Dance 1987 , Tertschnig 1989 , Kawamata 1998 , Freeman 2003 , which can limit urchin grazing (Lissner 1980 , Ebeling et al. 1985 , Kawamata 1998 , Konar 2000 . For example, grazing at the lower edges of the kelp beds is reduced in exposed areas because of wave action and the movement of algal fronds (Himmelman 1984 , Konar 2000 , Konar & Estes 2003 .
Behaviour may also change as individuals increase in size (i.e. ontogenetic change, Werner & Gilliam 1984) . The green sea urchin Strongylocentrotus droebachiensis shows a behavioural shift with increasing size, as juveniles are cryptic, hiding in crevices and under rocks to avoid predators (Keats et al. 1985 , Himmelman 1986 , Scheibling & Hamm 1991 , whereas upon attaining about 15 mm in diameter they begin to move on open surfaces to search for food (Himmelman 1986 , Raymond & Scheibling 1987 , Dumont et al. 2004a . Displacement distances of several meters a day have been reported for adult S. droebachiensis (Garnick 1978 , Duggan & Miller 2001 . Mann (1985) used 3 categories to classify the foraging behaviour of green sea urchins, (1) remaining stationary (cryptic) and feeding on detritus supplied by sedimentation and currents, (2) moving in search of food, and (3) forming dense aggregations which slowly advance through algal beds.
Directly observing the displacement of individuals is a powerful approach in elucidating movement patterns within populations (Turchin 1998) . However, this is often difficult to achieve because of the lack of appropriate tagging techniques and because following individuals in the field is labour-intensive. Although several workers describe tagging techniques for urchins (see Hagen 1996 and Duggan & Miller 2001 for review), most are intrusive (e.g. perforation of the test) and thus likely to strongly affect behaviour. We previously evaluated movement of urchins by using fluorescent tagging (calcein) to quantify the dispersion of individuals from release points (Dumont et al. 2004a ). This technique demonstrated that juveniles were sedentary and stayed in the same area for prolonged periods, but was less useful for studying the movement of larger urchins (as they all rapidly disappeared from the study sites). Although we clearly demonstrated an increase in displacement with size, the technique did not provide measurements of distance moved per day (Dumont at al. 2004a) .
In the present study, we first describe a non-intrusive tagging technique for large urchins (> 25 mm) which we used to quantify daily movements of large urchins at numerous sites on urchin barrens. The sites differed in their distance from the kelp zone and in current conditions. We also conducted field manipulations to investigate the influence of the state of hunger on movement. Finally, we modified the tagging technique to quantify daily displacement of large juveniles (10-15 mm) and small adults (15-20 mm).
MATERIALS AND METHODS
Our study was conducted in the Mingan Islands in the northern Gulf of St. Lawrence, eastern Canada (50°13.6' N, 63°41.12' W) , during the summers of 2001, 2002 and 2003 (4 to 10°C during the study periods). The sites were located 1 to 5 km from each other and selected because of their proximity to the kelp zone, current velocity and type of substratum (Table 1) . We selected 2 sites for each of 4 habitats in the barrens zone: (1) Bedrock near kelp, (2) Bedrock with strong current (> 0.1 m s ). The Bedrock near kelp sites were 10 to 15 m from the kelp bed, the Bedrock with strong and weak current sites were 25 to 50 m from the kelp bed, and the Soft substratum with weak current sites were 80 to 100 m from the kelp bed (Table 1) . The sites for the first 3 habitats were on gently sloped bedrock, mainly covered with encrusting coralline algae, and the deeper soft substratum with weak current sites were on a plateau of pebbles overlying mud and sand. There were patches of the brown macroalgae Agarum cribrosum and Desmarestia viridis at all sites except at the Bedrock near kelp sites. At each site, we recorded current velocity over a tidal cycle on a calm day (using a Vector current meter, Nortek, Norway). We considered a strong current site as a location with a maximum current velocity of > 0.3 m s -1 (this velocity would likely limit the movement and feeding activity of urchins, Kawamata 1998) . Locations with a maximum current velocity of < 0.3 m s -1 were considered as weak current sites. We also sampled 30 randomly placed quadrats (0.25 m 2 ) at each site to quantify the density of urchins in 2 size classes (15-30 and > 30 mm; it would have been too laborious to count <15 mm urchins that were often cryptic), and collected 10 adult urchins (25-60 mm) between 13 and 25 July 2002 to determine 2 measures of nutritional status, gonad mass and gut mass relative to total wet mass.
We applied ANOVAs to compare urchin densities, and relative gonad and gut masses, among sites, and followed with post hoc tests (Student-Newman-Keuls, SNK) to identify where there were significant differences (Underwood 1997) . For these analyses, we evaluated normality using a Kolmogorov-Smirnov test and homogeneity of variances using Cochran's test (Zar 1999) .
Adult movement. We tagged adult urchins (> 25 mm) in the field without detaching them from the bottom. For each urchin, we first measured its diameter with callipers (1 to 2 mm accuracy) and then tied a monofilament thread around one aboral spine with a slipknot (Fig. 1) . The thread, with the slipknot and coloured beads (1 to 4) to identify the urchin, was prepared prior to diving and 1 cm diameter metal washers were tied to the ends of the thread. The washers allowed us to tighten the slipknot around the spine in the field (we worked with 7 mm thick diving gloves). The washers and excess thread were cut away once the knot was securely attached. Many threads were prepared and organized on a dispenser prior to diving, and 2 divers could tag about 50 urchins during a 50 min dive. All of the displacement trials with tagged urchins were conducted during calm periods to facilitate the tagging operation and the recording of movements.
We evaluated the effect of the tagging process on the behaviour of the urchin by comparing the displacement of 8 tagged and 8 untagged urchins in a shallow tank (1.3 × 1.3 × 0.1 m) in the laboratory. Digital photos were taken at 1 min intervals for the first 10 min and then after 2 h to record movement. We also quantified the tag retention of large urchins by double tagging 24 individuals in the field (1 to 7 urchins at 6 sites).
The position of each tagged urchin was first determined 5 h after tagging (to be sure there was no effect of tagging, see 'Results'), then at 24 h intervals for up to 3 d. We did not obtain a daily displacement value for some urchins because they were only observed on the first and third day. The positions were determined by triangulation with respect to 2 fixed bolts separated by 2 m. These spatial coordinates were translated into daily net distance and direction moved. We estimated the error in the triangulation measurements by comparing direct measurements between 2 rocks (simulating the net distance moved for an urchin) with triangulation measurements. Table 1 . Physical and biological characteristics of the 2 sites studied in each of 4 habitats on barrens in the Mingan Islands, eastern Canada. Mean values are indicated for the current velocity (± SD), urchin density (± SE), gut (± SE) and gonad (± SE) mass (as a percentage of total mass). Means sharing the same letter are not different (SNK tests, p > 0.05). Agar = Agarum cribrosum, Desm = Desmarestia viridis, Pti = Ptilota serrata measured and estimated distances was 3.8 cm (SD = 20.3, n = 20), the maximum overestimation was 49.5 cm, this being for an actual distance of 120 cm, and the maximum underestimation was -55.0 cm, for an actual distance of 219 cm. Using the above tagging technique, we determined the daily displacement and orientation of tagged adult urchins at 2 sites for each of the 4 habitats on urchin barrens. A 3-way nested ANOVA was applied to test whether movement was influenced by habitat. The factor Site (random factor) was nested within the type of Habitat (fixed factor). Although we measured distance displaced for each urchin on 2 consecutive Days (fixed factor), we kept only one measurement per individual in the analyses so all measurements would be independent (no repeated measures on the same urchin; Underwood 1997). The measurement retained was determined at random. Distances displaced were log-transformed prior to analysis to obtain homogeneity of variance. Tukey tests (with unequal n) were used to identify specific differences within a significant source of variation (Zar 1999 ). We applied a linear regression to test for correlations between size and distance displaced for large urchins (> 25 mm) at each site. To determine if tagged urchins moved in a specific direction (e.g. if they are moving to shallow water where macroalgal food is more abundant), we applied a Raleigh test (Batschelet 1981) for the observations for each day at each site. In this analysis, we excluded urchins with displacements of < 0.5 m, as the Raleigh test only takes direction into account, and we reasoned that urchins that moved so little did not show a specific orientation. We could not compare orientation among sites because of the small values of the mean resultant vector (R) in most of the sites (Chapman 1986) . The degree to which urchins changed directions from one day to the next was examined by studying the frequency distribution of turning angles (deviation of the direction from the previous day) for all urchins observed for 2 or 3 consecutive days, and which moved > 0.5 m each day. In addition, the persistence of directional movement was measured with the mean cosine of the turning angle (Batschelet 1981) . Values near one indicate a high degree of directionality and values close to zero indicate that the movement is largely independent of the movement of the previous day.
Effect of hunger on movement. We conducted 2 field manipulations to determine whether state of hunger affected the movement of adult urchins. In the first experiment, we collected 45 urchins from a kelp bed (high food availability) and 45 urchins from an urchin barrens (low food availability), tagged them in a boat, and immediately released 15 individuals of each group into each of 3 sites on urchin barrens. We then recorded the net distance displaced after 24 h. The data were analyzed by applying a 2-way ANOVA, with Origin of urchins (kelp bed or barrens) and Site (3 release sites) as factors.
In the second experiment we compared the movement of urchins (40 to 50 mm) that were fed (ad libitum on Alaria esculenta) or starved for 6 wk in the laboratory and then released on urchin barrens. The experimental urchins were collected at Goéland East and each group of 60 urchins (fed and starved) was maintained with a continuous flow of seawater in a 100 l plastic tank. Two cases of cannibalism were observed in the starvation treatment but the remaining urchins appeared in good condition after 6 wk. We released 15 tagged urchins from each group at each of 3 sites on the urchin barrens at Goéland East (the sites were separated by 30 to 40 m). At the same time, we collected, tagged (on a boat) and returned 15 urchins from each site, to provide a measure of the natural rate of movement at the site. The net distance displaced was measured 24 h later. On the same day as when we released Fig. 1 . Urchin tagging method in which coloured beads were attached to one spine with a monofilament line. Tags, the monofilament lines with slipknots (A,B), colour-coded beads and metal washers attached to the end of the lines (C), were set up on a rack (D) prior to each dive. The washers allowed divers with thick gloves to tighten the knot, and were cut off once the tag was secure on the spine the tagged urchins, 10 of the remaining fed and starved urchins were dissected to determine gut mass relative to total mass. Also, all tagged urchins found 48 h after the release were collected (each placed in a plastic bag to retain fecal material) and dissected to measure gut mass (gut plus contents). We evaluated the effect of hunger on movement by applying a 2-way ANOVA to distance displaced (log-transformed), with Feeding treatment (fed, starved, field) and Site (3 sites on a barrens) as factors. Also, we compared the conditions of the urchins by applying a 2-way ANOVA to percentage gut mass, with the factors Treatment (fed, starved, field) and Site (3 sites).
Change in movement and diet with urchin size. In addition to measuring adult movement, we also quantified the net displacement of large juveniles (10-15 mm) and small adults (15-20 mm) at each of 3 sites, Pointe Enragée, Goéland West and Cap du Corbeau. These smaller urchins were tagged by tightening a monofilament loop (with the same slipknot) around the circumference of the test (the spines were too fragile to support a knot). As tagging could not be done wearing gloves, it was done by briefly (1 to 2 min) bringing the urchins to a boat above the study sites. They were returned immediately and we made the first determination of their positions 24 h later. We compared the distance displaced per day (log-transformed), and also the number of body diameters moved per day, for the 2 size groups by applying 2-way ANOVAs with the random factor Site and the fixed factor Size. We did not include our movement data for large urchins in the same analysis because of the different technique used to tag large urchins (a knot tied to one spine).
We evaluated changes in diet with size by quantifying the proportion of different foods in the guts of 3 size groups, 10-15, 15-20 and 25-70 mm (10 urchins per group), at each of 2 sites, Pointe Enragée and Goéland West. For each urchin, we placed the entire intestinal tract in seawater and teased apart the contents. Then we determined the food items found under 100 randomly selected points in a digital photograph of the gut contents. We compared the percentage of brown algae in the gut contents by applying a 2-way ANOVA to percentage brown algae (arcsine transformed), with the fixed factor [15] [16] [17] [18] [19] [20] and the random factor Site (Pointe Enragée and Goéland West).
RESULTS
The Bedrock near kelp sites (10-15 m from the Alaria fringe) had the highest densities of large urchins (> 30 mm) and their numbers showed a general decrease with distance from the kelp zone (ANOVA, F 7,241 = 85.37, p < 0.001, SNK tests, Table 1 ). In contrast, small urchins (15-30 mm) were found in the highest densities at the deeper sites, furthest from the kelp zone (ANOVA, F 7,241 = 17.73, p < 0.001, SNK tests, Table 1 ). Although gut fullness (gut mass to total mass) varied among sites (ANOVA, F 7,64 = 8.89, p < 0.001, Table 1 ), it did not seem to vary with distance from the kelp zone. In contrast, gonad mass (relative to total mass) decreased with distance from the kelp zone (ANOVA, F 7,64 = 11.36, p < 0.001, SNK tests, Table 1 ). Urchins at the Bedrock near kelp sites had the largest gonads and those at the Soft substratum with weak current sites the smallest. The large size of the gonads and guts at Goéland East may have been because drift algae were more abundant at this site.
Adult movement
A total of 382 large adult urchins (25-70 mm) were tagged without removing them from the bottom in the field (a knot tightened around one spine) and for 244 individuals subsequent positions were recorded at least once. We recaptured 23 of the 24 double-tagged urchins after 24 h, and 62.5% had retained both tags. In the laboratory we observed that tying a monofilament thread (with beads) to a spine increased the movement of the spine during a few minutes; however, the distance displaced after 2 h was similar for tagged and untagged urchins (2.95 cm min (Fig. 2) . Distances displaced varied among habitats but not between sites of the same habitat or between days at the same site ( Table 2 ). The mean displacement in the Bedrock near kelp habitat was lower than in the 3 others habitats (Table 2 , Tukey test, p < 0.05) where 51.8% of the individuals moved < 0.5 m (Fig. 2) . Mean displacement on the Soft substratum with weak current habitat was more than twice that in the Bedrock near the kelp habitat (Fig. 2) . The urchins on Soft substratum with weak current tended to move further than those on Bedrock with either strong or weak current but the differences were not significant (Fig. 2) .
We found no evidence of directional movement. Our analyses, applied to urchins that moved > 0.5 m in a day (40 to 88% of the urchins depending on the site), showed that orientation was random on all days and sites, except for the second day at the Goéland North site (R = 0.55, p = 0.045; Fig. 3 ). The distribution of the turning angles (again for urchins that moved > 0.5 m d -1 ) indicated that 59% of individuals changed their direction from one day to the next by > 90° (Fig. 4) . Frequent reversals in direction were also indicated by a negative mean cosine of the turning angle (-0.22 ± 0.09, n = 62). This low value means that the direction of the daily displacement from one day to the next was largely independent.
Linear regression analyses showed no correlation between distance displaced and urchin size, for the adults measuring 25 to 70 mm in diameter, at any site, although there was a low p-value (p = 0.09) at the Cap du Corbeau site where urchins were smaller than at the other sites (Fig. 5) . Table 2 . Results of a 3-way nested ANOVA applied to daily net distance displaced by tagged adult urchins (25-70 mm) at 2 sites in each of 4 habitats on urchin barrens
Effect of hunger on movement
The net distance displaced by urchins transplanted from the kelp zone (where food was abundant) to the barrens was less than for urchins removed from barrens (low food abundance) and returned to the barrens (ANOVA, , respectively. The factor Site (F 2,58 = 1.99, p = 0.15) and the interaction (F 2,58 = 0.50, p = 0.61) were not significant.
Net distance displaced was similar for urchins that were either fed or starved for 6 wk in the laboratory before being returned to the barrens for measurements of displacement (ANOVA, Treatment effect, F 2,73 = 1.53, p = 0.22; Site effect, F 2,73 = 1.90, p = 0.16; Interaction, F 4,73 = 0.55, p = 0.70, Fig. 6 ). The starved urchins had nearly empty guts and the fed urchins full guts after the 6 wk feeding regimes in the laboratory (t-test, t 18 = 11.41, p < 0.001, Fig. 7) . However, gut fullness of both groups converged in 48 h on the barrens to an intermediate level similar to the control group (ANOVA, Treatment effect, F 2,49 = 2.89, p = 0.06; Site effect, F 2,49 = 2.74, p = 0.07; Interaction, F 4,49 = 2.13, p = 0.09).
Change in movement and diet with urchin size
The displacement of large juvenile urchins (10-15 mm) tagged with a monofilament loop around the test was only half that of small adult urchins (15-20 mm) tagged in the same way 
Fed Starved Control Fig. 6 . Strongylocentrotus droebachiensis. Net distance displaced by sea urchins that were fed or starved in the laboratory for 6 wk and then released at 3 sites on barrens. Control shows distance displaced by urchins that had not been removed from the barrens. Number of urchins examined is indicated in parentheses and vertical bars represent SE (Table 3 , Fig. 8 ). Although not strictly comparable, because of the different tagging technique, the displacement distances observed for these large juveniles (10-15 mm) and small adults (15-20 mm) were much less than for large adults (25-70 mm) tagged by tying beads to a single spine (4 times less for large juveniles and 2.5 times less than small adults) (Fig. 8) . The mean number per of body diameters moved day increased by 36% between large juveniles (10-15 mm) and small adults (15-20 mm) but the difference was not significant (ANOVA, Size effect, F 1,78 = 1.82, p = 0.24; Site (Size) effect, F 4,78 = 1.20, p = 0.32), and the moves per day for large adults (25-70 mm) were similar to those of small adults (Fig. 9) . In contrast, the maximum number of body diameters moved per day increased markedly with size, as it was 69 for large juveniles, 122 for small adults and 220 for large adults. Although we could not double tag small urchins, we noted that the tag loss was less for small juveniles (45% of large juveniles tagged were found the next day, and 60% of these were found again after 10 d) than small adults (40% of small adults tagged were found the next day and only 20% were found after 2 d).
We also observed a change in diet with increasing size (Fig. 10) . Brown algae made up 52% of the gut contents for 10-15 mm urchins at Pointe Enragée and 60% for those at Goéland East. The percentage signif- 
After 10 days (26) Monofilament around the test Monofilament on a single spine . Groups as defined in Fig. 8 . The values were obtained from tagging of the 3 size groups at Cap du Corbeau, Pointe Enragée and Goéland East. NS indicates columns are not significantly different. Numbers of urchins tagged are shown in parentheses and vertical bars represent + SE icantly increased with urchin size and attained 89 and 95%, respectively, for 30-70 mm urchins (ANOVA, Size effect, F 2,72 = 109.83, p = 0.01; Site effect, F 1,72 = 1.47, p = 0.33; Interaction, F 2,72 = 0.15, p = 0.86). Most of the remaining materials in the guts (coralline algae, sediment, and red algae) became less abundant with increasing urchin size. One adult from Goéland East contained urchin remains (spines and test) enveloped in mucus, suggesting cannibalism or scavenging.
DISCUSSION
Our new marking technique for sea urchins, in which a tag was attached to the spine of an urchin without removing it from the bottom, is suitable for short-term (1 to 3 d) studies of movement in the field. Failure to recover a tagged individual was primarily because the urchin dropped the tagged spine (possibly a stress response) as 95.8% of double tagged urchins were recovered after 24 h (and 37.5% had lost one tag). A few individuals could have fallen victim to predation or simply were not been found.
Our observations of tagged large adult urchins (25-70 mm in diameter) on barrens showed increased movement of urchins with increased distance from the kelp zone. Urchins were relatively sedentary near kelp beds (88.1% of individuals moving <1 m d . Similar results are reported for others echinoids (Table 4) . For example, Mattisson et al. (1977) observed that Strongylocentrotus franciscanus moved 0.08 m d -1 inside a kelp bed compared to 0.54 m d -1 at 100 m from the kelp bed. The rate of movement of Evechinus chloroticus is similar to Strongylocentrotus droebachiensis, as Andrew & Stocker (1986) found that individuals moved 0.2 to 0.7 m d -1 on a flat sediment bottom where there were patches of the macroalgae Ecklonia sp. and this compared to 0.8 to 1.8 m d
-1 on a flat bottom with only coralline algae. In contrast, Tertschnig (1989) observed that the tropical urchin Tripneustes ventricosus moved more in a seagrass bed than on a reef without seagrass. The more rapid movement in the seagrass bed appeared to be because of greater predation risk from the conchs in the seagrass habitat. Thus, the movement of several echinoids appears to increase with decreasing food availability. One hypothesis for this pattern is that echinoids move more to search for food in food-poor habitats (e.g. barrens). However, a confounding factor is urchin density. The reduced movement in food-rich habitats could be because movement is limited by encounters with conspecifics. Under high densities, urchins may have to spend time waiting for feeding opportunities, or for the dislodgement of conspecifics.
Urchin movement also appears to be inversely related to current velocity. At sites with strong current, where maximum current velocities ranged from 0.4 to 0.8 m s . In the laboratory, Kawamata (1998) observed that the rate of movement of Strongylocentrotus nudus decreased with increasing current velocity with an abrupt decrease beginning at 0.3 m s -1 (he also observed that feeding rate decreased with velocity). Our results are consistent with this study, but as other factors (e.g. food proximity, urchin density, substratum heterogeneity and temperature) also varied among sites, we could not specifically identify the effect of current. Several earlier studies have shown that S. droebachiensis can often be dislodged by wave-induced algal movement near the lower limit of the kelp zone, particularly during storms (Keats 1991 , Siddon & Witman 2003 , Gagnon et al. 2004 .
We also show that the rate of movement of urchins is not only determined by environmental factors in the habitat, but also by the conditions to which they have been exposed previously. Thus, urchins transplanted from the kelp bed to the barrens moved less than urchins taken from the barrens and returned to the barrens (Fig. 6) . In contrast, similar transplant experiments with other echinoids did not show any effect of the habitat of origin (Tertschnig 1989 , Yusa & Yamamoto 1994 . As several studies report that the nutritional state of S. droebachiensis influences its feeding rate (Minor & Scheibling 1997 , Meidel & Scheibling 1999 , nutritional state may also affect movement. However, this was not supported by our observations of urchins that were either fed or starved for 6 wk and then released on the barrens. The 2 groups moved to a similar degree. Also, we found that the gut fullness of the released fed and starved urchins became similar to that of field specimens within 48 h (the starved urchins doubled their gut contents over this period, Fig. 8 ). Previous studies of effects of nutritional state on movement of different echinoid species provide contrasting results. Starved Lytechinus variegatus (Klinger & Lawrence 1985) were observed to move less than fed individuals (but rates were similar for individuals starved for 2 and 4 wk), whereas starved Evechinus chloroticus (Dix 1970) and Echinometra mathaei (Hart & Chia 1990) were found to move more than fed individuals.
We documented an increase in net distance displaced with increasing urchin size, as there was a significant increase between 10-15 mm and 15-20 mm urchins. We further recorded a much greater movement for 25-70 mm urchins, although the tagging technique was different. However, the rate of movement appears to stabilize after 25 mm as movement was not correlated with size for urchins measuring 25 to 70 mm in diameter. Interestingly, much of this increase appears to be explained by body dimensions, as the increase is much less when net distance displaced is divided by body diameter. This suggests that a similar effort to move for urchins >10 mm. Nevertheless, the absolute distance moved by 10-20 mm urchins restrict their access to food compared to > 25 mm urchins and the latter larger can cover considerable distances when conditions stimulate them to do so. Our previous documentation of the dispersal of calceintagged Strongylocentrotus droebachiensis (Dumont et al. 2004a) further demonstrated an abrupt change in mobility with increasing size. The same study showed that large juveniles (10-15 mm) had moved up to 0.5 m in 9 d, which is consistent with the mean net distance of 0.64 (SE = 0.08) m in 10 d for large juveniles in the present study. Thus, there is a reasonable agreement in the movement recorded using the 2 very different techniques.
Associated with the change in movement with size is a shift from being relatively sedentary and cryptic to being exposed on open surfaces. The majority of small juveniles (81% of tagged individuals) were found either hidden in crevices or covered with pieces of coralline algae, in contrast to only 8% of large adult urchins (> 25 mm). In parallel, there was increased feeding on macroalgae (Fig. 10) . The increased ingestion of macroalgae should increase the energy available for somatic and gonadal growth (Himmelman & Nédélec 1990 , Scheibling & Anthony 2001 . A similar change in diet between juveniles and adults occurs in other echinoids (Lawrence & Lane 1982) . Thus, the change in behaviour with increasing size appears to result in increased movement on open areas and increased ingestion of macroalgae. As 15 mm is also the size when Strongylocentrotus droebachiensis begins to reproduce, the behavioural change may be necessary to obtain additional energy for gonad growth. The change in foraging behaviour may contribute to the bimodal size-frequency distributions found in several echinoid species (Tegner & Dayton 1981 , Andrew & Choat 1982 , Scheibling & Hamm 1991 . Juvenile urchins adopt a cryptic behaviour that may serve as a defensive strategy against predators but upon attaining a size where they are less vulnerable to predators, they actively move about in search of food resources. Surprisingly, at 15 mm, S. droe-bachiensis have not attained a size refuge from predators such as lobsters, crabs and fish (Scheibling & Hamm 1991) . This would suggest there is a compromise between avoiding predators and the need to forage in open areas to support production of gametes.
Several workers hypothesize that migration explains the difference in the size structure of Strongylocentrotus droebachiensis between barrens and kelp bed habitats (Propp 1977 , Meidel & Scheibling 1998 , Vadas et al. 2002 . Since urchins on barrens can move up to 5 m per day, and 11 m in 3 d, they should easily be able to cover the distance between barrens and shallow water kelp beds. Movement rates may also change seasonally. For example, Konar (2001) observed that the movement of S. polyacanthus towards pieces of algae placed in a barrens habitat was more rapid in the summer than in the winter (although low movement was observed throughout the year in a kelp bed habitat). The high densities of urchins just below the kelp zone may in itself reduce the ability of urchins from deeper water to reach this zone. However, our short-term tagging trials did not reveal any directional movement of urchins, and most individuals reversed direction daily (Figs. 3 & 4) . Although chemodetection over short distances is widely known in echinoderms (Sloan & Campbell 1982) , our tagging trials suggest that urchins on barrens are not drawn toward kelp beds located >10 m away. Dix (1970) observed that over several months only a few tagged Evechinus chloroticus moved between rocky subtidal sites separated by < 5 m (however, in his study the urchins were probably stressed because the tagging procedure involved perforating the test). Although urchins show a difference in foraging activity between the barrens and kelp beds, no studies (including ours) have reported the movement of identified individuals from barrens to kelp beds or have documented movement oriented towards kelp beds. Interestingly, however, directional movement on vertical walls has been reported for 3 echinoids, Paracentrotus lividus, Arbacia lixula (Chelazzi et al. 1997) and Anthocidaris crassispina (Freeman 2003) , following transplantation from greater or lesser depths. These authors suggested that the urchins returned to their initial water depth to prevent the dislodgement by wave surge.
Post-settlement movement can contribute to the recovery of disturbed areas. Several sea urchin removal studies have documented the immigration of large urchins; indeed, several workers needed to make frequent visits to maintain experimental sites free of urchins (Himmelman et al. 1983 , Keats et al. 1990 , Leinaas & Christie 1996 . Such local movements should result in rapid repopulation of areas where densities have been reduced, for example as when urchins are killed by ice scour (Keats 1991 , Dumont et al. 2004b ). In contrast, recolonization following complete mortalities over large areas, as caused by pathogens (Lessios 1988 , Scheibling & Raymond 1990 or abiotic factors (Lawrence 1996) , will require longer periods because recruitment will depend completely on larval settlement.
